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Introduction

49
Shallow intertidal systems are characterized by their high primary productivity and great 50 abundance of benthic primary consumers, including many mollusk, polychaete, and 51 crustacean species. Consequently, these ecosystems are important nursery areas for aquatic 52 secondary consumers such as shrimps, crabs and fishes and are major feeding grounds for 53 many waterbird species that benefit from the high productivity (Pihl and Rosenberg 1982; 54 Zwarts and Wanink 1993; van de Kam et al. 2004) . The highest productivity is often found in 55 habitats rich in three-dimensional structure, and one of these complex habitats in shallow 56 intertidal systems is created by blue mussels (Mytilus edulis), which aggregate with 57 conspecifics and accordingly form mussel beds. Although mussel beds only account for up to 58 5% of the intertidal area (Folmer et al. 2014) , they represent an important feature of the 59 intertidal ecosystem by providing hard substrate and increasing habitat complexity, reducing 60 hydrodynamics, and modifying the sediment by depositing large amounts of pseudo-feces 61 and other fine particles (Gutierrez et al. 2003) . Many studies have shown that these beds have 62 an important effect on the benthic community (Asmus 1987; Dittmann 1990; Markert et al. 63 2009) and that the beds themselves are important foraging grounds for avian consumers 64 (Zwarts and Drent 1981; Goss-Custard et al. 1982; Nehls et al. 1997; van de Kam et al. 65 2004).
66
In the past, intertidal mussel beds were severely overfished on several occasions, such as of Japan and South-east Asia, led to a transformation of many intertidal mussel beds into 73 mixed bivalve beds or even into oyster reefs (Nehls et al. 2009; Fey et al. 2010; Troost 2010) .
74
As a result, bivalve beds in an increasing number of European intertidal areas consist solely 75 of mixed mussel and oyster populations (Nehls et al. 2009 ). While both species similarly 76 provide hard substrate for sessile species (Kochmann et al. 2008) , differences between 77 mussels and oysters arise in the three-dimensional structure, heterogeneity and formed micro-78 habitats, due to the spatial arrangement of shells and individual shell traits (surface area and 79 shell texture) (Gutierrez et al. 2003) .
80
Furthermore, the bed morphology differs between both species, due to different 81 attachment mechanisms. Mussels are adhered to the substratum by a byssus, an assemblage 82 of numerous extracellular, collagenous fibers ending in an adhesive plaque that attaches to the 83 substrate (Bell and Gosline 1996) . Byssal threads are temporary features, which generally 84 exhibit longevities of around 8 weeks (Bell and Gosline 1996; Moeser and Carrington 2006) .
85
The continuous process of generating new threads leads to flexible and dynamic meshworks 86 of individual mussels (van de Koppel et al. 2005) . Lacking a permanent anchorage in the 87 substrate, mussel beds are further subject to a dynamic large scale distribution, being 88 particularly vulnerable to storms and ice scouring (Nehls and Thiel 1993; Büttger et al. 2011; 89 Donker et al. 2015) . In contrast, oysters attach themselves permanently by generating an 90 organic-inorganic adhesive (Burkett et al. 2010) . Even after the death of individuals, oyster 91 shells often remain anchored in the sediment. The complex of dead and alive oysters serves 92 as settling ground for oyster larvae, which preferably settle on conspecifics (Diederich 2005) .
93
In the long run, the process of multiple settlement leads to the creation of rigid and persisting 94 structures (Reise and Beusekom 2008; Walles et al. 2015) . For many macroinvertebrate 95 species, the complex structures formed by these two bivalves are likely to provide different 96 resources in terms of nesting sites, shelter from predators and feeding opportunities, thus 97 leading to differences in the species community (Markert et al. 2009 ). Moreover, the 98 conversion of mussel beds into oyster dominated beds may ultimately lead to a change of the 99 food web structure (Baird et al. 2012 ) as well as of the feeding opportunities for secondary 100 consumers (Eschweiler and Christensen 2011; Waser et al. 2015) .
101
Intertidal mussel beds are valued and protected because of their contribution to 102 biodiversity, especially avian biodiversity, so it is important to know how the spread of Furthermore, these observations were limited in terms of investigated bird species and study 117 sites, only focusing on one locality with a very low number of focal species (Markert et al. 118 2013) making it difficult to draw general conclusions.
119
In this study, we investigated the spatial distribution of waterbirds on bivalve beds with 120 different grades of Pacific oyster occurrence. To do so, we studied 18 bivalve beds in the the different species show a preference for bivalve beds to habitats of less structural 124 complexity, we furthermore used counts of birds during high tide on high tide roosts in the 125 vicinity of tidal flats. Assuming that all birds counted during high tide on a roost will be 126 distributed across the emerging tidal flats closest to that specific roost, it is possible to 127 estimate the mean abundance of the different species during low tide.
128
The sampling design, together with data on numbers of birds during high tide at high tide 
Materials and Methods
134
Properties of bivalve beds
135
The 18 investigated bivalve beds were located throughout the Dutch part of the Wadden 136 Sea (Fig. 1) . In this area, three different types of intertidal bivalve beds can be distinguished: 137 mussel dominated beds, where oysters are absent or occur only in very low numbers; beds 138 with a balanced proportion of mussels and oysters and beds where oysters dominate in terms 139 of biomass (van Stralen et al. 2012) . In order to identify the proportion between both mussels 140 and oysters, the study sites were mapped and different mussel bed properties were measured 141 twice a year, in spring and autumn, between 2010 and 2013. Firstly, the contours of each bed 142 were determined by walking around the bed with a hand-held GPS device following a 143 common definition of a mussel bed (de Vlas et al. 2005 ). The contours gave on the one hand 144 the spatial extent (area) of the beds and on the other hand, contours were used to delimit and 145 create a set of multiple random sampling points. All created sample points were visited.
146
Those points that were covered by mussels or oysters were sampled for epibenthos with a 147 rectangular frame of 0.0225 m -2 (15 × 15 cm). The samples were sieved (1 mm square 148 meshes) in the field and subsequently sorted for mussels and oysters. These were counted and 149 sized individually using digital calipers, to the nearest 0.01 mm, in the laboratory. In order to 150 estimate the ratio between mussel and oyster biomass, the individual shell length (L) of both 151 mussels and oysters was converted into a volumetric length (V), representing biomass, by a Veer et al. 2006) , as well as for mussels (0.297, Saraiva et al. 2011) . Based on the 156 assumption, that the density of bivalve flesh approaches the one of water, the volumetric 157 length was further converted into a measure of biomass (wet weight in kg). The precise body 158 condition of mussels was estimated by measuring the ash-free dry mass of the soft tissue 159 (AFDM flesh ). To do this, mussels were sorted to discrete shell length classes (every 2.5 ± 0.5 160 mm beginning with a length of 5 mm, e.g. 5, 7.5, 10, etc.), the soft parts of a random sample 
Bird abundance on bivalve beds
170
All bird species within the contours of the bivalve beds were counted. Counts were usually 171 performed in intervals covering about half of a tidal cycle (from high tide, over outgoing tide 172 to low tide, or from low tide over incoming tide to high tide). Due to logistical reasons or bad 173 weather such interval counts were not always possible. In these cases, one low tide count for 174 a recently exposed bivalve bed was performed. The counts were repeated several times and 175 performed throughout the entire year (Table A. the average, the amplitude and the reference day where the number equals the average, y is 180 the predicted number of birds and x is the Julian day, ranging from 1-365. In some cases bird 181 numbers were low and thus resulting in the sinus function predicting negative values. All of 182 these negatively predicted numbers were set to 0. All sinusoidal functions were fitted using R 
Data analyses
223
The relationship between body condition and length of mussels was analyzed with linear 224 regressions on a log-log scale. To compare AFDM flesh between differently sized mussels, we 
235
, where X is the seasonal mean of bird numbers and A the area.
236
The relationships between both Pacific oyster occurrence and the ratio of observed and 237 predicted mussel biomass and oyster occurrence and tidal elevation as well as the effect of 238 oyster occurrence on the abundance of the different avian consumers were tested using
239
Spearman's rank correlations.
240
Moreover, Spearman's rank correlations were used to explore the relationship between the 241 ratios of observed and predicted mussel biomass and the abundance of birds preying on 
Results
246
The 18 investigated bivalve beds differed both in their size and composition of bivalve 247 species ( body condition of mussels was negatively correlated with the oyster dominance (Spearman 255 correlation, S = 81131, ρ = -0.3, p = 0.009, Fig. 2a ) and that oysters occurred primarily in 256 lower elevated parts of the intertidal (S = 1314, ρ = -0.36, p = 0.147, Fig. 2b ).
257
During the entire study period a total of 50 bird species was observed on the different 258 bivalve beds ( 
277
These species were, in descending order, between 20 and 11 times more abundant on bivalve 278 beds than on bare intertidal flats (Table 3 ). The most abundant bird on the bivalve beds, the
279
Eurasian Oystercatcher (Haematopus ostralegus), also had a high preference for these beds
280
(bed preference of 9.3, Table 3 ).
281
In four species, bed composition significantly affected their abundance: the Eurasian
282
Oystercatcher, the Common Gull (Larus canus), the Red Knot (Calidris canutus) and the
283
Dunlin (Calidris alpina). The abundance of these four species was negatively correlated with 284 the fraction of oysters in the total bivalve biomass (Spearman correlation, all p < 0.03, Fig.   285 4). All other species showed no significant response to the dominance of oysters (Fig. 4) .
286
Focusing on the species preying on mussels, a significant relationship between bird 287 abundance and prey quality (ratio of observed and predicted AFDM flesh ) was only observed space and food between the two species. We found that the body condition of mussels these high areas. The short inundation times that the mussels face in the high intertidal may 321 result in low body conditions (Goss-Custard et al. 1993) .
322
Yet, our study revealed that the majority of the bird species making use of mussel beds
323
show no clear signs of being affected in terms of feeding density by the changes caused by 324 the oyster introduction. We found no evidence for positive impacts. Negative impacts,
325
indicated by a reduction in abundance, were only evident for four species. These negative 326 impacts are particularly expected for species preying on mussels themselves (Scheiffarth et 327 al. 2007 ).
328
Four bird species recorded in our study feed on the mussels: Red Knot, Oystercatcher, that Red Knots might be negatively affected by an increased appearance of Pacific oysters.
342
The Knot swallows bivalves whole and is only able to feed on mussels with a length below with a preponderance of small mussels. Old mussel beds with many large mussels are not 345 attractive, even in the absence of Pacific oysters, explaining the great range in feeding 346 densities observed on bivalve beds with no or few Pacific oysters.
347
The reason that densities of Herring Gulls did not decrease with the occurrence of Pacific 348 oysters may be due to the fact that they may not forage exclusively on mussels when they 349 frequent bivalve beds, but may feed on a broad range of resources (Camphuysen 2013).
350
Although mussels represent an important part of their diet, this applies primarily to mussel 351 spat, not older than 1 year and not exceeding lengths of 20 mm (Camphuysen 2013).
352
Since this size range of mussels appears hidden amongst bigger conspecifics in older beds,
353
Herring Gulls typically prey on the mussel spat on young beds only. On older established presence of oysters, we did not find a negative correlation between Eider abundance and 363 presence of oysters, as already mentioned. This may be due to Eiders feeding on shore crabs 364 instead of mussels on oyster beds, as well as avoiding mussel beds high in the intertidal zone,
365
where no oysters occur, but mussels are of poor quality.
366
Our study corroborated the prediction of Scheiffarth et al. (2007) 
381
In contrast, the Dunlin does not feed on bivalve covered patches at all, but forages on 382
worms in the open areas in between. While in mussel dominated beds mussels establish 383 hummocks rising above the immediate surrounding, in oyster dominated beds, the between-384 patch areas often silt up to mud-hummocks higher than the bivalves themselves. This 385 characteristic may decrease their attractiveness as feeding areas for the Dunlin.
386
Our study demonstrates that mussel beds are very important for avian biodiversity and that 387 the colonization of these beds by Pacific oysters does not improve avian biodiversity, but 388 only has negative impacts, most clearly for three species: Oystercatcher, Common Gull and 389 Knot. One might consider removing the oysters in the hope that the vacant space would be 390 taken by mussels, restoring good feeding opportunities for the affected bird species. 0  90  180  270  360  0  90  180  270  360  0  90  180  270  360 
